Hydrological models to evaluate the impacts of climate change in the water resources sector require spatially correlated daily precipitation scenarios as model inputs. This paper presents a practical procedure for developing such precipitation scenarios using multisite stochastic weather models or generators conditional on large-scale daily circulation patterns, based on GCM-simulated future mean sea level pressure (MSLP) fields. The procedure is demonstrated on the basis of HadCM3 and HadAM3H simulations with an example for two river basins in the Iberian Peninsula. Changes in daily precipitation scenarios for the region generated by stochastic models are consistent with large-scale precipitation scenarios from direct GCM outputs; however, more localised characteristics have to be found from downscaled precipitation scenarios rather than from direct GCM outputs. This may imply that possible changes in downscaled precipitation reflect the underlying physics in GCMs, so that downscaled daily precipitation scenarios may be more suitable for impact models than the coarse GCM outputs.
Introduction
Water resources are vital for sustainable development, especially in arid and semi-arid areas. Rivers in the southern part of the Iberian Peninsula, such as the Guadiana and the Tejo (Tagus) , flow from Spain to southern Portugal through a semi-arid area lacking in precipitation, especially in summer. Precipitation in the catchment of the Tejo, one of the largest rivers in Europe, passing Lisbon before reaching the Atlantic, would be affected by any northward shift of the north Atlantic storm track in a changing or changed climate. Furthermore, management of the water resources of these trans-boundary international water bodies in support of sustainable socio-economical development in both countries may well be critical in a future climate drier than the present. The European research project SWURVE (Sustainable Water: Uncertainty, Risk and Vulnerability in Europe) designed case studies for each of these river basins focusing, in the case of the Guadiana, on management aspects for trans-boundary rivers under a climate change scenario and, in the case of the Tejo, on municipal water supply for Lisbon. Future daily precipitation scenarios covering river basins are necessary inputs to hydrological models, in evaluating the impacts of climate change on these water resources.
As precipitation simulated by general circulation models (GCMs) is available only at a very coarse resolution (typically on 3.75° longitude × 2.5° latitude grids), daily precipitation scenarios from climate change simulations conducted by GCMs are inappropriate for direct use as inputs to impact models because of the mismatch in spatial resolutions. Statistical downscaling models, as well as dynamical methodologies, have been developed to bridge the gap between GCMs and the impact models. Most statistical models use regression techniques to derive precipitation from large-scale atmospheric circulation (Wigley et al., 1990; von Storch et al., 1993; Corte-Real et al., 1995; Conway et al., 1996; Wilby, 1998) . However, regression models are more appropriate for monthly rather than daily precipitation because the high variability of daily precipitation might result in regression models explaining only a limited part of the variance.
Stochastic models, often known as weather generators, may be more adequate than linear regression models for daily precipitation because the high variability of daily precipitation can be simulated well by stochastic weather generators. Conventional weather generators (Richardson, 1981; Semenov et al., 1998; Hayhoe, 2000) can be used to obtain future climate scenarios only through perturbing weather generator parameters based on GCM-simulated changes in the statistics of some climate variables (Wilks, 1992; Katz, 1996; Mearns et al., 1997; Semenov and Barrow, 1997) . However, the reliability of the future climate scenarios thus generated depends very much on the reliability of GCM-simulated changes in surface climate variables, such as precipitation on coarse grids. Large-scale atmospheric circulation is generally believed to be more reliable than precipitation in GCM simulations (Corte-Real et al., 1999a) ; thus, the use of conditional weather generators (Schubert, 1994; Goodess and Palutikof, 1998; Corte-Real et al., 1999b) may be more straightforward for developing future daily precipitation scenarios on the basis of GCM simulations of future large-scale atmospheric circulation.
In developing daily climate scenarios for river basins, the spatial correlations of the weather variables must be preserved because, in simulating floods and recharges, these spatial relationships can be essential for hydrological models. Most weather generators are developed for generating weather variables at a single site, although for a region such as a river catchment, scenarios may be generated, site by site; however, in generating synthetic precipitation data in this way, spatial correlations cannot be retained (Qian et al., 2002) . The development by Wilks (1998 Wilks ( , 1999 ) of a multi-site version of the Richardson-type weather generator to preserve spatial correlations of the weather variables in a region was extended by Qian et al. (2002) to a conditional version; applying the conditional models to the Portuguese side of the Guadiana River basin, proved the efficiency of the conditional multisite stochastic models by preserving spatial correlations in addition to other important statistical properties of the observed weather series.
This paper demonstrates the development of future daily precipitation scenarios based on future large-scale atmospheric circulation through applying the conditional multisite stochastic models (Qian et al., 2002) to a region covering both the Guadiana and the Tejo River basins. In developing precipitation scenarios, all the steps necessary were introduced, from linking precipitation and large-scale atmospheric circulation to analysing generated precipitation. Large-scale atmospheric circulations simulated by the Hadley Centres third generation climate models (HadCM3 and HadAM3H) (Pope et al., 2000; Johns et al., 2003) forced by different greenhouse gases emission scenarios, were used to develop multiple climate scenarios to present uncertainties resulting from models and emission scenarios.
Data and strategy
For the period 19611990, daily precipitation series at 42 stations over the two river basins were provided by the national meteorological services of Portugal and Spain. Four daily circulation patterns were identified from large-scale atmospheric circulation in the mean sea level pressure (MSLP) fields over the north-eastern Atlantic and western Europe by K-means clustering algorithm plus principal component analysis (Corte-Real et al., 1998) . The four daily circulation patterns were classified initially to distinguish precipitation status at Évora, one of the stations in the Guadiana River basin. The four circulation patterns are also effective in linking local precipitation at other stations in Portugal to large-scale atmospheric circulation (Corte-Real et al., 1998 (Nakicenovic and Swart, 2000) . HadCM3 is the third generation coupled atmosphericocean GCM with a spatial resolution of 2.5º latitude × 3.75° longitude grids. HadAM3H is the atmospheric GCM driven by HadCM3 with a higher grid resolution of 1.25º latitude × 1.875° longitude. HadAM3H provides the atmospheric response to the global sea-surface temperature (SST) and sea-ice changes simulated by HadCM3; the regional climate is simulated more accurately because of the doubling of the resolution compared to HadCM3 and of a more accurate simulation of the strength and position of the north Atlantic storm track coupled with a more realistic representation of clouds and atmospheric humidity with consequent impacts on radiation and precipitation.
Because the spatial resolutions in HadCM3 and HadAM3H simulations differ from the grids for observed MSLP fields, daily MSLP fields from HadCM3 and HadAM3H were interpolated to 5°× 5° grids, on the same grids of the observed MSLP fields. Daily MSLP fields over the north-eastern Atlantic and western Europe from GCMs were then projected to the first 20 Empirical Orthogonal Functions (EOF) of the observed MSLP fields to obtain the principal components (PCs). Finally, the 20 PCs were used as variables to determine the shortest distance to the four observed daily circulation patterns. (Corte-Real et al., 1999a) . The sequences of daily circulation patterns were then applied to operate the multi-site daily precipitation weather generator for generating daily precipitation scenarios.
Using GCM-simulated daily circulation patterns to generate daily precipitation requires that the GCM simulation should be capable of reproducing observed daily circulation patterns (Corte-Real et al., 1999a) as was done for the HadCM2 model (Johns et al., 1997) . Since HadCM3 is the new generation climate model improved from HadCM2 and HadAM3H is the atmospheric model driven by HadCM3 with a higher spatial resolution, it was assumed, without further validation in this study, that the capability of HadCM3 and HadAM3H is superior to HadCM2.
To use the four daily circulation patterns in generating daily precipitation scenarios for the two river basins, the ability of the circulation patterns to distinguish daily precipitation status (i.e. a wet day or dry day and precipitation amount if it is wet) in the two river basins was verified. Then, for the precipitation models, the multi-site stochastic weather models (Qian et al., 2002) were extended to cover the two river basins. The calibrated stochastic models were validated by comparing the statistics of the synthetic precipitation data with those of the observations. Daily precipitation scenarios for the present climate (1961 1990) , generated with HadCM3 and HadAM3H simulated daily circulation patterns, verified the ability of the stochastic models to reproduce the present climate of the observed precipitation in the region. Finally, to have a better understanding of the changes, differences between future precipitation scenarios for 20702099 and those for the present-day climate were compared with corresponding changes estimated from the direct output of the GCM for daily precipitation.
Linking daily precipitation to daily circulation patterns and their future changes
Four daily circulation patterns, the blocking-like pattern (CP1), the summer dry pattern (CP2), the winter dry pattern (CP3) and the rainy pattern (CP4), were identified from daily MSLP fields in the Euro-Atlantic sector (Corte-Real et al., 1998 , 1999a Qian et al., 2002) , initially to link the daily precipitation distribution in southern Portugal to the largescale atmospheric circulation; to test the validity of extending these patterns to a larger region, the Spanish sides of the Guadiana and the Tejo basins were included in the analysis, later. Figure 1 shows the spatial distribution of the probability of precipitation occurrence and mean daily precipitation on a wet day, in winter (DecemberJanuaryFebruary) from observations for 19611990. In principle, probabilities both of rain and mean amounts of precipitation on wet days decrease from the western coastal area to the eastern inland region, except for local factors such as topographic features. Figure 1 also demonstrates lower probabilities of rain and less intense precipitation amounts on wet days under the winter dry pattern (CP3); the probability of a wet day is only about half of the wintertime-mean values. In contrast, higher probabilities of rain and more intense precipitation amounts occur under the rainy pattern (CP4), approximately doubling the wintertime-mean values of the probability of a wet day at most stations. This analysis indicated that daily precipitation distributions over the whole of the two river basins were distinguishable under the four daily circulation patterns. Hence, the patterns identified for southern Portugal could be applied to the multi-site conditional precipitation weather generators as the link between local precipitation and large-scale atmospheric circulation. While summer precipitation in the region was less well related to largescale circulation, it is usually very dry so that summer precipitation is relatively unimportant. Therefore, further discussion is focused only on the winter part of the year.
As future daily precipitation scenarios would be generated on the basis of future occurrence of the four daily circulation patterns, any changes in daily precipitation would result only from changes in the occurrence of the circulation patterns. To verify whether the changes in the frequencies of occurrence of daily circulation patterns are significant in GCM simulations, observed daily circulation patterns were projected to daily MSLP fields simulated by HadCM3 A2a and B2a, as well as HadAM3H A2a and B2a experiments and their corresponding control runs. Statistical tests checked the significance levels at which future (20702099) frequencies of occurrence of daily circulation patterns differed from their present (19611990) values simulated by the GCM experiments. The t-test for uneven variance was used to test if the mean frequencies of occurrence of daily circulation patterns for 20702099 are different from those for . The F-test was applied to test changes in variance. It should be noted that significant differences are referred only to the model simulations between the two reference periods, i.e. the possibility could not be excluded that the model simulations were in error and the differences 
might not be related to the forcings introduced to the models. Figure 2 shows modelled changes in the frequencies of occurrence of daily circulation patterns between 20702099 and 19611990 in HadCM3 and HadAM3H simulations. Error bars indicate intervals at the 0.05 significance level. It is apparent that the scenarios from HadCM3 are quite different for the two experiments forced by two different greenhouse gases emission scenarios. The frequency of the rainy pattern (CP4) decreases significantly in April and October, for experiment A2a, while that of the summer dry pattern (CP2) increases significantly in October, which may imply less and weaker precipitation in October. However, there is a significant increase in the frequency of the rainy pattern in March, accompanied by a significant decrease in the frequency of the blocking-like pattern (CP1), for the B2a experiment. Unlike those from HadCM3, the simulations from HadAM3H show very similar scenarios for the changes in the frequencies of daily circulation patterns under the forcings of SRES A2 and B2 emission scenarios. Some differences in the scenarios between A2a and B2a experiments from HadCM3 may be errors introduced by the coarse spatial resolution which leads to an inaccurately presented storm track. No significant changes in the frequencies of occurrence were found for the winter dry pattern (CP3) at the 0.05 significance level between 2070 2099 and 19611990 in HadAM3H simulations; however, a significant decrease was found for the rainy pattern (CP4) in May and November as well as a significant increase in the frequency of occurrence of the summer dry pattern (CP2) in May. These changes may indicate that, in the region under global warming, climate in a transition season can be influenced more significantly. These influences suggest that the summer dominant circulation pattern will prevail for longer than in the present climate and that the north Atlantic storm track may retreat earlier in spring and expand southward later in autumn. Only the results for daily circulation patterns CP2 and CP4 are presented in Fig. 2 for HadAM3H A2a simulation since the results from HadAM3H B2a are similar.
Potential changes of large-scale atmospheric circulation in the region, which have been indicated above, may affect daily precipitation scenarios generated by stochastic weather models. This means that changes in future daily precipitation scenarios result only from the changes in the frequencies of occurrence of daily circulation patterns, whether these changes are due to enhanced greenhouse effects or are just introduced by model errors in GCMs. This also implies that errors in large-scale GCM outputs can still be conveyed into down-scaled daily precipitation scenarios; thus the use of future daily precipitation scenarios requires caution.
Stochastic models and validations
Stochastic multi-site daily precipitation models for the two river basins in this study are simply extended versions of Qian et al. (2002) so that, to cover the two river basins, a total of 42 stations can be included in the models. Model parameters were conditional on the four daily circulation patterns being calibrated with monthly observations for 19611990. Daily precipitation occurrence was simulated by first-order two-state Markov chains and daily precipitation amounts on wet days were modelled with mixed exponential distributions. Spatial correlations in precipitation occurrences and amounts between the stations were preserved in the models. Details of the model structures appear in Qian et al. (2002) , derived mainly from Wilks (1998) , with conditional structures on daily circulation patterns.
Two validations are required before the stochastic models can be used to generate future precipitation scenarios. The first checks that the models can reproduce the observed characteristics of daily precipitation in the region by generating synthetic daily precipitation data from the observed sequences of daily circulation patterns (Qian et al., 2002) . It was found that all basic statistical properties, including spatial correlations, of the observed daily precipitation distributions in the region could be reproduced well by the stochastic models
The second validation verifies whether the models can reproduce the present-day climate (say, 19611990) of daily precipitation in the region by generating synthetic daily precipitation from the sequences of daily circulation patterns obtained from GCM-simulated daily MSLP fields. Such validation is also important because the frequencies of daily circulation patterns from GCM-simulated MSLP fields might be systematically biased from observed ones. Figures  3 and 4 show some validation results for the multi-site daily precipitation weather generators with the sequences of daily circulation patterns projected to the Euro-Atlantic MSLP fields simulated by HadCM3 and HadAM3H for 1961 1990. Only results for January and October are shown. Comparisons made with all 42 stations in the two river basins indicated that the simulations were fairly realistic. For January, very slight over-estimates of precipitation occurrences were observed for HadCM3, while for HadAM3H, there were under-estimates; such systematic biases may reflect inaccurate representation of the location and strength of the north Atlantic storm track in the GCMs. Nevertheless, the simulations appeared quite satisfactory.
Simulated changes in precipitation
Future daily precipitation scenarios for the region were generated by the multi-site stochastic weather models with the sequences of the four circulation patterns projected to GCM-simulated MSLP fields for 20702099, respectively, from HadCM3 A2a, B2a and HadAM3H A2a, B2a simulations. Therefore, four future daily precipitation scenarios were developed for the region. Parameters of the stochastic models were kept the same as for the present-day climate. This implies that no changes were assumed in the future to the observed link between daily precipitation in the region and daily circulation patterns. This assumption was not completely guaranteed but previous work (CorteReal et al., 1999a) on this aspect, based on HadCM2 simulations, suggested a positive expectation. Changes in the probabilities of rain and the mean amounts on wet days in the two river basins were computed at individual stations as the ratios of their climate normals, 20702099 to 19611990. The ratios larger than 1.0 indicate more wet days and more intense rain while a less than 1.0 ratio implies drier and weaker precipitation. Statistical t and F tests were also applied to test the significance levels for the changes. Figure 5 shows a few examples only, indicating significant changes for the probabilities of rain and the mean amounts on wet days in the region. Probability of rain may decrease around 15% for all stations in October, based on HadCM3 A2a simulation. These changes are significant at the 0.05 significance level except at two stations in the eastern part of the river basins (not shown), but the corresponding intensity of daily precipitation decreases, usually less than 10% at most stations, with a few cases of increase. These changes are consistent with the corresponding changes observed in the frequencies of daily circulation patterns. A similar result to the October case of HadCM3 A2a simulation was found for November, based on the HadAM3H A2a experiment. One of the possible factors, which results in significant changes occurring in different months (October in HadCM3 and November in HadAM3H), can be related to the model performance in producing the location and strength of the north Atlantic storm track in the GCMs. Changes in precipitation scenarios based on HadCM3 B2a simulation are different from the A2a results (not shown), indicating uncertainty in precipitation changes due to different greenhouse gases emission scenarios. However, this uncertainty may be also related to the model performance of the GCMs since HadAM3H simulations did not show much difference in the responses to the two emission scenarios SRES A2 and B2.
Changes in monthly precipitation may also be observed, as a result of changes in daily precipitation. Figure 6 demonstrates changes in October monthly precipitation totals based on HadCM3 A2a simulation and in November precipitation totals based on HadAM3H A2a simulation, relevant to the changes in daily precipitation shown in Fig.  5 . Monthly precipitation totals for 20702099 can be about 20% less than the values in the present-day climate; decreases are more significant on the Portuguese side. These decreases are significant at the 0.05 significance level with a couple of exceptions (not shown). Anyway, both GCM experiments indicated a decrease in autumn precipitation totals, either in October or November, depending upon models. These changes may have adverse consequences in future water resources, as they may imply reduced availability of water supply after the dry summer.
It is interesting to check if the precipitation changes computed from daily precipitation scenarios of direct GCM output are mostly coherent with the aforementioned changes in the downscaled daily precipitation scenarios generated by stochastic precipitation models. Although the spatial resolutions in GCMs are too coarse to show any localised changes, precipitation changes in GCMs should be responding physically to any changes in large-scale atmospheric circulation. Although any precipitation changes in the downscaled daily precipitation scenarios are assumed to be associated only with changes in the frequencies of daily circulation patterns, differences may still be expected between direct GCM outputs and the downscaled scenarios. This is because the changes in direct GCM outputs are manifest in all possible changes in large-scale atmospheric circulation in the GCMs; for example, occurrence of new distinguishable circulation patterns that may not be represented by the observed daily circulation patterns in the present-day climate. This means that there may be more confidence in the underlying physics of the changes in the scenarios from the downscaling models if similar changes can be observed from daily precipitation scenarios of direct GCM outputs except for the localised details in the downscaled precipitation scenarios. Similar changes also imply that precipitation changes in the GCMs are more likely to be related to the changes in the frequencies of occurrence of the observed daily circulation patterns rather than changes to the patterns or statistics of daily precipitation under a circulation pattern. The reliability of the assumption used for developing future scenarios with conditional stochastic weather models is therefore proven reliable.
Daily precipitation scenarios are obtained directly from HadCM3 A2a, B2a and HadAM3H A2a, B2a simulations for 20702099 for the grids covering the two river basins. Corresponding monthly statistics are then compared with those values for the modelled present-day climate of 1961 1990 from the same GCM. Some examples are given below. Figure 7 shows ratios of the values of 20702099 to 1961 1990 for the probability of rain, the mean amount of daily precipitation on wet days and monthly precipitation totals in October, computed from daily precipitation simulated by HadCM3 A2a experiment with a coarse spatial resolution (3.75°× 2.5° grids). Relevant results for November, based on daily precipitation simulated directly by HadAM3H A2a on a higher resolution (1.875°× 1.25° grids), are also shown in Fig. 7 . Similar patterns in the changes to the results from the downscaled precipitation could often be observed, but apparently the magnitudes of the ratios that present the changes could differ from a coarse grid to its neighbouring (c) (a) (b) Fig. 5. Changes (ratios of 2070 -2099 to 1961 -1990 in probabilities of rain between 2070-2099 and 1961-1990 grids. This makes it difficult to estimate the changes at the locations between the two neighbouring GCM grids from direct GCM outputs. Results from direct GCM outputs also show that changes from the direct outputs of HadAM3H simulations resembled the downscaled ones much better than did the coarser resolution model HadCM3. The changes from direct GCM outputs are also statistically significant at the 0.05 significance level (not shown). Therefore, changes in the downscaled daily precipitation scenarios do reflect the modelled changes in weather regimes from the GCM simulations. Downscaled precipitation change scenarios are more similar to those from the higher resolution GCM (HadAM3H) than the corresponding results from the coarse resolution GCM (HadCM3). This indicates the effectiveness of the stochastic models for the purpose of downscaling daily precipitation from large-scale atmospheric circulation.
Conclusions and discussion
Rather than discuss future precipitation changes based on daily precipitation scenarios generated by multi-site stochastic weather models, this paper demonstrates how to develop daily precipitation scenarios for river basins through applying multi-site stochastic daily precipitation models to the Guadiana and Tejo basins on the Iberian Peninsula. The stochastic models were conditioned on daily circulation patterns, so that developing future precipitation scenarios with these models was straightforward. The complete development procedure for scenarios involves linking regional precipitation to large-scale atmospheric circulation; calibrating and validating stochastic daily precipitation models with observed large-scale atmospheric circulation; validating GCM-simulated large-scale atmospheric circulation in the region of concern; validating stochastic models with GCM-simulated large-scale atmospheric circulation for the present-day climate; and finally, generating future daily precipitation scenarios with GCMsimulated large-scale atmospheric circulation for a future period. A comparison between the downscaled precipitation scenarios and direct GCM outputs might be useful for analysing the effectiveness of the downscaling methods. Daily precipitation scenarios generated by stochastic weather models, based on projected daily circulation patterns from HadCM3 and HadAM3H simulations for the presentday climate, were fairly realistic in comparison with the observed precipitation statistics. This reflects the good capability of the Hadley Centres newest GCMs, especially HadAM3H, for simulating large-scale atmospheric circulation in the Euro-Atlantic sector. Mis-matches between the synthetic data and the observations might be caused by systematic biases in the frequencies of occurrence of the observed daily circulation patterns in the GCMs. Hence, climate change impacts on water resources should be based on the differences between hydrological model outputs run with, as inputs, future daily precipitation scenarios and present-day precipitation scenarios, respectively. Future and present-day precipitation scenarios could be generated by stochastic weather models with GCM-simulated sequences of daily circulation patterns for a future climate as well as the present-day climate. Using present-day precipitation scenarios rather than the observed precipitation data would avoid conveying the systematic biases from GCM simulations to the impact results, assuming that such systematic biases could be eliminated in the differences.
Generating future daily precipitation scenarios is straightforward with stochastic weather models conditional on daily circulation patterns. However, it was assumed that the observed links between regional daily precipitation distribution and large-scale atmospheric circulation would still be valid in a future, even changed, climate; hence, changes in precipitation can be associated only with the changes in the frequencies of occurrence of certain daily circulation patterns. If this assumption is not valid, as might occur, e.g. if more precipitation in future is due to higher probabilities of rain under the rainy pattern rather than higher frequencies of occurrence of the rainy pattern, the parameters of the stochastic weather models may have to be modified, perhaps by increasing the probabilities of rain under the rainy pattern in stochastic models for generating future precipitation scenarios. Comparison between the downscaled precipitation scenarios and direct GCM outputs in this study showed that this assumption was reasonable.
